silver content increases with electroplating time when the silver layer is coated on the bioelectrode surface. However, the decrease of silver layer weight is observed with much longer electroplating time, and the optimal electroplating time is 20 min.
Electrical Impedance Performance of Metal Dry Bioelectrode with Different Surface Coatings

Introduction
Biomedical electrodes are extensively used in clinic diagnostics and therapeutic stimulation, including electrocardiographs (ECG), electroencephalograms (EEG), electromyography (EMG) and electrical impedance tomography (EIT) [1] [2] [3] [4] . Since the bioelectrical signal belong to a kind of weak electrical signal, the design and fabrication of the bioelectrodes are a critical role for the measurement process of bioelectrical signal. Meanwhile, the interface properties between the bioelectrode and the skin also have drawn the attention of researchers from around the world. Generally, the lower contact impedance between bioelectrode and skin is desirable for measurement system. The higher contact impedance causes the larger attenuation of signal amplitude. Fortunately, the attenuation of signal amplitude could be A C C E P T E D M A N U S C R I P T compensated with modern high input-impedance amplifiers. However, the signal distortion and interference phenomenon is easy to produce in the process [5] [6] . To avoid these problems, many new types of bioelectrodes have been developed using different design and fabrication methods.
Wet electrodes, such as Ag/AgCl electrode, are widely applied to record the bioelectrical signal. The outer layer of human skin is composed several layers of dead cells, called the stratum corneum. The stratum corneum is electrically insulated and leads to produce the high contact impedance. In order to reduce the influence of stratum corneum , the wet electrodes need the processes of skin abrasion and a conductive gel. However, the skin abrasion is time-consuming and uncomfortable for the patients. Meanwhile, the conductive gel will dry up gradually and even cause swelling and allergy in some cases [7] [8] [9] . These disadvantages make the wet electrodes difficult to accurately measure the bioelectrical signal in a long time. To solve these problems, some kinds of dry bioelectrodes are developed because the skin preparation and gel usage are not necessary. As in the earlier study, the metal plate dry electrode had a large noise and poor signal quality. These bioelectrodes could not conform to the irregular surface of skin during movement and the additional noise gets [10] . In recent years, there is a growing interest in the development of novel dry bioelectrodes, including foam backing dry bioelectrodes [11] [12] [13] , fabric dry bioelectrodes [14] and microstructure dry bioelectrodes [15] . Among these bioelectrodes, the dry bioelectrodes with microstructure array show outstanding advantages of collect biosignal with less noise. The surface microstructure array of
bioelectrodes can increase the actual contact area between electrode and skin with the same geometrical dimension, resulting in the decrease of the contact impedance. In addition, the bioelectrodes with surface microstructure array can maintain good contact status with skin when a relative sliding occurs at the interface between electrode and skin, which contribute to a small motion artifact and a higher signal-to-noise ratio (SNR). 
Material and methods
Structural design of metal dry bioelectrode
The design of metal dry bioelectrode with surface microstructure array is shown in Fig.1 . The metal dry bioelectrode consisted of a metal electrode core, a foam substrate, shielding wires, and conductive silver glue. The metal electrode core (Diameter=10 mm, Thickness=0.5 mm) was made of copper material (purity>99.9%). 
Laser micromilling process of bioelectrode core
The surface microstructure array of bioelectrode core was fabricated by laser micromilling technology [26] [27] [28] . In the laser micromilling process, the heated metal liquid or gas is condensed and generate the metal recasting layer in the adjacent area.
The metal recasting layer is usually undesirable which affects the flatness of the workpiece surface. Interestingly, by adjusting the laser processing parameters, the recasting layer was successfully utilized to produce the regular microstructural array on the surface of the bioelectrode core. In this study, a prototype pulsed fiber laser Table 1 . Following the laser micromilling process, the bioelectrode core was dipped in 1 mol/L hydrochloric acid (HCl) solution for 20s and was quickly dried up by air pump gun under high pressure. The surface morphology of the bioelectrode core was observed through a scanning electron microscope (SEM) (Hitachi SU70, Japan) and the material composition of surface coating of bioelectrodes were analyzed with energy-dispersive X-ray measurements (EDX).
Surface coating of bioelectrode
Coating of Ag layer
Electroplating technology was adopted to deposit the thin Ag layer on the surface microstructure array of bioelectrode because of its low cost and easy operation. In the electroplating process, the cyanide-free solution was selected to satisfy with requirement of environmental concerns [29] . Before electroplating, the bioelectrode was pre-treated and the bath was prepared. The bioelectrode core with surface microstructure array was cleaned in 10% (volume fraction) hot NaOH solution, and dipped in 1 mol/L HCl solution for 8-10s for surface activation [30] . The thiosulfate baths containing AgNO3 main salt was conducted. Sodium hyposulfite (Na2S2O3), silver nitrate (AgNO3) and potassium metabisulfite (K2S2O5) were dissolved in distilled water at 60 ℃. After pouring K2S2O5 solution into AgNO3 stirred solution, Na2S2O3 solution was slowly added in the mixed solution and the yellowish clear solution was obtained. Later, some ammonium acetate (CH3COONH4) and
thiosemicarbazide (CH5N3S) were both dissolved in the yellowish clear solution.
Finally, the distilled water was added to control the volume of the bath. The detailed parameters of the bath are shown in Table 2 . The pH value of the bath was 5.83 which provided an acid environment [30] . The illustration of the electroplating process of bioelectrode is shown in Fig.3 . A pure silver plate (5mm long, 5mm wide, 1mm thick, and mass fraction> 99.9%) acted as the anode and the pre-treated bioelectrode core acted as the cathode. The current density was controlled at 0.8 A·dm -2 [30] . The electroplating time lasted for 10 to 40 minutes while the temperature was about 25℃.
After electroplating process, the coated bioelectrode core with thin Ag layer was system. The monochromated Al Kα1,2 (energy = 1486.60 eV) was used as the X-ray source.
Coating of Ag-AgCl double layer
The silver-coated bioelectrode core was chlorinated by electrochemical treatment, and the Ag-AgCl double layer was obtained on the surface microstructure array of bioelectrode [31] . To coat the Ag-AgCl double layer, the silver-coated electrode electroplated for 20 minutes in silver-containing bath acted as the anode. A pure silver plate (5 mm long, 5 mm wide, 0.5 mm thick, and mass fraction > 99.9%) was used as the cathode in the electroplating process. Both the anode and the cathode were soaked in the bath of 1 mol/L HCl solution (Xilong Chemical Co., Ltd., China). A voltage of
5V was applied to the electrodes in HCl solution for 5s [31] [32] . After being cleaned by deionized water and dried up, the Ag-AgCl coated bioelectrode with microstructure array was obtained and could be used for bioelectrical measurement.
Electrode-skin impedance measurement
A two-electrode system was employed to measure the contact impedance between electrode and skin [33] [34] . Before the tests, two dry bioelectrodes were put in the inner right forearm of human and the distance between them was 5 cm [34] .
Both bioelectrodes were located in the middle of the arm, and the first one of the electrodes was 5 cm from the wrist. A cuff pressure meter was applied to sustain the stable pressure between electrode and skin. The contact impedance were measured by a high precision impedance analyzer (No: HIOKI Im3523, Japan) using 500 μA (rms)
AC sinusoid signal and the current was provided to be safe to human [34] . The frequency range of the impedance analyzer was from 50Hz to 200 kHz. Short circuit and open circuit calibrations were carried out and the data measured in the initial 10 min was discarded to reduce system interference. The experiment under each parameter was repeated 5 times. Finally, the average value of the measured impedances was taken as the contact impedance and the standard deviation was taken as the error bar.
3 Results and discussion
Surface morphology of microstructure array of dry bioelectrode
The surface morphology of microstructure array of dry bioelectrode was shown in Fig.4 . In previous study [35] , we found that the stacking process of recast layer
could be controlled to form a microstructure array on the surface of the dry bioelectrode in the laser micromilling process. From these SEM results, the microstructure with truncated conical shape was easy to be observed. From the Fig.4 , the tip diameter is about 60 μm and the peak-peak spacing between two adjacent microstructures is about 200 μm. When the scratch test was conducted using the SiC sandpaper with 2 kPa applied pressure, it was found that the surface microstructure array of dry bioelectrode exhibited good mechanical strength [36] . Comparing with other fabrication methods [16] [17] [18] , this processing method can fabricate the microstructure array on the surface of the bioelectrode with low production cost and high efficiency. Fig.5a . In this status, the Ag layer can be considered to be covered with the bioelectrode surface.
Electroplating process of bioelectrodes
Furthermore, the X-ray photoelectron spectroscopy results indicated that the pure silver was coated on the surface of bioelectrodes, as shown in Fig.5 .b. However, the Ag concentration was only 32% when the electroplating time was 40 min. At the beginning of the electroplating process, the silver ions near cathode in the plating
solution will obtain the electrons and be converted into silver solids. These silver solids were gradually deposited on the surface of bioelectrode. As the electroplating time increases, the Ag concentration on the bioelectrode surface was increased to produce a thicker Ag layer. Whereas, the bond strength between silver layer and the copper substrate was significantly affected by the thickness of silver layer. When the much thicker silver layer was coated on the surface of bioelectrodes, the bonding strength Ag layer was greatly decreased because of the copper growth stress in the electroplating process [37] [38] . Later, to deposit the Ag-AgCl double layer on the surface of bioelectrode, the bioelectrode with silver coating was selected as anode with voltage input. In this way, the Ag as anode material will loses electrons and turns into silver ions, combining
with chlorine ions near the anode to produce silver chloride on the surface of bioelectrode. Moreover, the chloride element have been found on the surface of silver layer-coated bioelectrode. Therefore, it is indicated that the Ag-AgCl double layer have been obtained [31] .
Impedance characterization of bioelectrodes
Equivalent circuit of electrode-skin model
The contact impedance ( Z ) between electrode and skin consists of the resistance caused by the charge storage in the interface and the capacitive reactance caused by the opposition to current through the electrode and the skin [39] [40] . The measured impedance could be represented in Cartesian form:
Where ' Z represents the real part and ' ' Z represents the imaginary part. j represents the imaginary unit.
The measured impedance could also be represented in polar form:
Where is Z the magnitude of the measured impedance, while is the phase of the measured impedance.  could be expressed by this equation:
The model of electrode-skin interfaces could be based on an equivalent circuit that a charge transfer resistance ( ct R ) and an interfacial constant phase element (CPE) in parallel and then in series with a resistance ( s R ) due to the microstructure array of bioelectrode. The equivalent circuit is presented in Fig.8 and the equivalent impedance ( eq Z ) is expressed by this equation:
Where s R represents the total resistance of the test bioelectrodes, skin and the test cables, ct R represents the faradaic charge transfer resistance between skin and bioelectrode, and CPE Z represents the impedance of CPE. The CPE is used to take place capacitor to compensate for non-homogeneity in the system and is defined by CPE-T and CPE-P. T represents the value of CPE-T and P represents the value of CPE-P.  represents the angular frequency of the AC signal and j represents the imaginary unit. The model could be calculated by a Z View software package [39] [40] .
Impedance characterization under different current frequencies
The measured impedance values of bioelectrode with different current frequencies are shown in Fig.9 . From Fig.9a , it is found that the amplitude of measured impedance was decreased with increasing current frequency. At low frequencies, the amplitude of measured impedance of bioelectrode was changed greatly. The measured impedance amplitude of bioelectrode coated with Ag layer was decreased from 319 kΩ at 50 Hz to 11.6 kΩ at 6 kHz. For the bioelectrode coated with Ag-AgCl double layer, the measured impedance amplitude was decreased from 40. Table 3 . From this table, the faradaic charge transfer resistance ( ct R )of bioelectrode coated with Ag layer is far greater than that of bioelectrode coated with Ag-AgCl double layer. Generally, when current ( i ) flows through the electrode-skin interface, the faradaic charge transfer resistance results to an additional voltage (named
'over-potential' in electrochemical) equal to ct R i * .An ideal non-polarisable electrode would have no faradaic resistance and charge could be transferred across the skin-electrode interface leading to no voltage loss [43] . However, the real systems are all polarisable. The inert metal electrodes tend to be polarized electrode while bioelectrode coated with Ag-AgCl double layer is less polarized. Thus, much larger value of faradaic charge transfer resistance of electrode coated with Ag layer was obtained. Fig.11 show the measured impedances stability of two bioelectrodes coated with Ag layer and Ag-AgCl double layer. The measurement time of 10 min and the current frequency of 50 kHz were selected which was significant for medical measurements [44] [45] [46] . From Fig.11 , two bioelectrodes coated with Ag layer and Ag-AgCl double layer demonstrated small impedance fluctuates. Within 10 min, for bioelectrode coated with Ag-AgCl double layer, the average impedance was 1187 Ω, the standard deviation of impedance was 16.8 Ω, and the ratio of standard deviation to mean value was 14.1%; for bioelectrode coated with Ag layer, the average impedance was 2362 Ω, the difference in impedance change is 34.7 Ω, and the ratio of standard deviation to mean value was 14.7%. Thus, the better impedance stability of bioelectrode coated with Ag-AgCl double layer was found comparing with the bioelectrode coated with Ag layer.
Impedance stability over time
Impedance of bioelectrodes with different surface coatings
The amplitude of the measured impedance of bioelectrode with different surface A C C E P T E D M A N U S C R I P T coatings was shown in Fig.12 . The current frequency of 50 kHz and measured time of 10 minutes were selected. The uncoated bioelectrode presented the largest impedance value and the amplitude of impedance was as high as 34 kΩ. It may be attributed that an insulating oxide layer was produced on the bioelectrode surface [47] [48] . The existence of the oxide layer coating greatly increased the impedance value.
Furthermore, the amplitude of impedance of bioelectrode with Ag layer and Ag-AgCl double layer was 2.4kΩ and 1.2kΩ, respectively. The lower impedance is desirable because the contact impedance will cause a potential drop and some attenuation of signal amplitude. As for stimulating electrode, the lower contact impedance could also reduce the energy consumption. Therefore, the bioelectrodes coated with Ag-AgCl double layer exhibited the lowest impedance value and was the best choice for the measurement of bioelectric signals.
Conclusion
In this study, the metal dry bioelectrodes with different coating layers were succesfully fabricated with laser micromilling and electroplating technology. When the Ag layer was coated on the bioelectrode surface, the Ag content increased with increasing electroplating time. However, the decrease of Ag layer weight was observed with much longer electroplating time, and the optimal electroplating time was 20 min. Later, the electrical impedance performance of bioelectrode coated with Ag layer and Ag-AgCl double layer was studied. The contact impedance between electrode and skin was measured using the two-electrode methods. Equivalent circuit of electrode-skin model was estabilished based on previous literatures. Compared 
